reliability of manganese-enhanced MRI for tracing neucaudate nucleus in all three striatum injection cases (cases 1-3; Table 1 ). The Mn 2ϩ ions diffused away from ral pathways and the extent to which this tracer is subject to transsynaptic transport. In fact, combined injecthe point of injection, yielding a strong signal in 697 to 2145 voxels (87-268 l; for comparison, one voxel is tions of MnCl 2 with WGA-HRP yielded remarkably similar projection patterns, suggesting a highly specific transequal to 0.125 l) surrounding the injection site in the first scan, typically 3-6 hr postinjection. In cases 2 and port of the paramagnetic tracer. Most importantly, the spatio-temporal evolution of tracer transport from the 3, the extent of the injection were confined to the caudate and putamen and did not spread to adjacent areas. striatum to the pallidum-substantia nigra and then to thalamus showed that manganese can indeed cross
In case 1, some Mn 2ϩ signal was visible in the adjacent synapses in the central nervous system and, therefore, white matter directly surrounding the caudate and putabe used to delineate multisynaptic networks in the living men, depending on the amount of tracer injected (Table  animal . Preliminary results from this work have been 1). In case 4, the MnCl 2 injection site was mostly confined presented elsewhere (K.S. Saleem et al., 2001, Soc. Neuto area 13 of the right orbitofrontal cortex, except for rosci., Abstr.). minor diffusion of the tracer into the dorsolateral prefrontal cortex, where the injection needle was inserted to reach the orbitofrontal cortex.
Results
In order to verify the specificity of Mn 2ϩ as a neuronal tracer, WGA-HRP was injected at the same stereotaxic The MnCl 2 injection sites ( Figures 1A-1D) were located in the rostral part of the putamen and the head of the locations as the MnCl 2 after the completion of either 24.5 (case 1) or 45 (case 2) hr of MRI scanning. The of Mn 2ϩ transport was followed at intervals of a few hours. For case 1, both an anatomical and angiography WGA-HRP injection sites were also well localized within the same regions of the caudate and putamen as the scan were obtained every 2 hr between 3 and 24.5 hr postinjection, for a total of 11 postinjection scans. For MnCl 2 injections. There was some diffusion of tracer along the needle penetration tracts in the white matter case 2, 14 paired anatomy/angiography scans were obtained at 3 hr intervals between 6 and 45 hr after tracer or in the overlying cortical areas in both cases. The distribution of labeling in the striatal targets (globus palinjection. The extent of the Mn 2ϩ signal around the injection sites generally increased over the first 45 hr, ultilidus and substantia nigra) was nonetheless very similar for both the MnCl 2 and the WGA-HRP injections.
mately reaching 1437 to 4849 voxels (180-606 l), depending on the amount injected (see Figure 1D , case 2 The transport of the tracer was followed for periods ranging from 24.5 hr to 18 days. In the two short-term at 45 hr: caudate, ‫7341ف‬ voxels; putamen, 1767 voxels). In two long-term experiments (up to 18 days; cases experiments (up to 45 hr; cases 1 and 2), the time course 3 and 4), the progress of the Mn 2ϩ signal was followed nections: direct projections from the striatum to the globus pallidus and substantia nigra and an indirect across at least one synapse after injection in the caudate and opposite putamen (case 3) or orbitofrontal cortex projection (transsynaptic) from the striatum to the thalamus via the globus pallidus and the substantia nigra. (case 4). Cases 3 and 4 were scanned once before (baseline) and again immediately following their injections.
Direct Projections from the Striatum Anatomical MRI scans obtained within 24.5 hr (case 1), Thereafter, the monkeys were scanned once every 2 days for 8 days (case 4, six scans total), or once every and 45 hr (case 2) after the injection of MnCl 2 into the caudate or putamen showed discrete regions of strong 2 days for 18 days with 3-day intervals between the last three scans (case 3, ten scans total). In case 3, the Mn 2ϩ Mn 2ϩ signal to increase in two areas that are known from previous anatomical studies to receive direct prosignal intensity around the injection sites first began to decrease after 48 hr postinjection, reaching half-maxijections from the caudate and putamen: the globus pallidus and the substantia nigra (Figures 2-4) . mum intensity by ‫031ف‬ and ‫081ف‬ hr in the caudate and putamen respectively, and returning to the baseline Projections to the Globus Pallidus. Manganese signal was found in the globus pallidus in both the external (preinjection intensity level) after 361 hr on the caudate and 433 hr on the putamen side. In all of the cases, and internal segments (GPe and GPi, respectively) after injection into the right caudate or the left putamen in the tracts (corresponding to bundles of axons) of Mn 2ϩ signal from the injection sites to the projection targets case 1 (Figures 2A-2D, arrowheads) . The pattern of Mn 2ϩ signal observed in the MR images matched precisely were clearly visible in the MR images ( Figure 1D , green arrowhead; Figure 4B , red arrows).
the results of previous studies using conventional, tracttracing methods realized in histological preparations (for a review, see Parent and Hazrati, 1995a) . In this case, MRI Visualization of Direct and Indirect Projections from the Striatum the distribution of Mn 2ϩ signal in particular was wider and tended to be more prominent on the putamen injecInjection of MnCl 2 into the striatum (caudate and putamen) enabled MRI visualization of sets of efferent contion side ( Figures 2B-2D , left hemisphere). The signal (Table 2) . Although the in the MR images was also confirmed histologically after WGA-HRP injection into the same locations in the causignal in the GPe and GPi in case 1 appeared to be most prominent on the putamen injection side at 24.5 date and putamen into which MnCl 2 had been injected ( Figures 3A-3D ). In the WGA-HRP-labeled sections, hr ( Figures 2C-2D ), the difference in maximum percent signal change between the caudate and putamen injecband-like fiber bundles distributed in both the GPe and GPi coincided well with the Mn 2ϩ signal observed in the tion sides was not significant (Table 2) . In case 2, the maximum percent signal change in the GPe and GPi MR images (arrowheads in Figures 3C and 3D ). This characteristic pattern consists of bundles of compact, appeared on the putamen injection side, rather than on the caudate injection side, at 42-45 hr postinjection anterogradely-labeled terminals aligned parallel to the medullary laminae on the putamen injection side and (Table 2) . We estimated the transport rate for Mn 2ϩ by computparallel to the internal capsule on the caudate injection side ( Table 1 ). Here, the overall distribution of signal/labeling (projection foci) was GPe, Gpi, or SN) indicated that Mn 2ϩ was transferred at a rate of 1.14 mm/hr, but this appeared to be dose similar to case 1, i.e., the projection foci were found in the dorsomedial portion of the GPe and GPi after caudependent. A mean of 1.42 mm/hr was calculated for case 1 with injections of 0.5 and 1.0 l in the caudate date injection (left hemisphere) and in the ventrolateral or midportion of the GPe and GPi after putamen injection and putamen, respectively, whereas a mean of 0.64 mm/ hr was observed for case 2 with injections of 0.1 and (right hemisphere) ( Figures 3E and 3F) .
We determined Figure 4A, arrowheads) . The signal in the SN was 2. However, as expected, the Mn 2ϩ signal in the GPe and GPi on both the caudate and putamen injection at its maximum (42.3% Ϯ 6.6% on the caudate injection side and 24.8% Ϯ 3.3% on the putamen injection side) sides continued to increase beyond 45 hr and finally reached a maximum at 51.8 and 97.3 hr, respectively, at the termination of the experiment 24.5 hr postinjection (Table 2) . Unlike the signal distribution in the globus on the caudate injection side and 97.3 hr on the putamen injection side (Table 2) . The signal at the injection sites pallidus, differences in the spatial distribution of signal originating from the caudate or putamen were not obviand in these two target areas (GPe and GPi) began to decrease by day 6 (144.5 hr), postinjection ( Figures 5A  ous in the SN (Figures 3C, 3E, and 4A) . The signal tended to be concentrated in the medial part of the SN after and 5B; see also supplemental movies S1 and S2 online at http://www.neuron.org/cgi/content/full/34/5/685/ both caudate and putamen injections ( Figure 4A, coronal  images) . The rostrocaudal and mediolateral distribution DC1). None of the cases showed signal increase in the cerebellum (Table 2 ; see Experimental Procedures). of the Mn 2ϩ signal in the SN was confirmed histologically after injection of WGA-HRP (Figures 4C and 4D) . WGAIn the substantia nigra, a large signal increase was observed on the caudate injection side after 2 days HRP-labeled terminals were found in the substantia nigra pars reticulata (SNr) (Smith and Parent, 1986; Parent ( Figures 5A and 5B) . The signal continued to increase, reaching a maximum at day 4 (97.3 hr). The maximum and Hazrati, 1994), particularly in the medial portion of the SNr after rostral striatum injections ( Figure 4E ) (Hedpercent signal change on the putamen injection side was reached at day 6 (144.5 hr) ( Table 2 ). As in case 1 reen and DeLong, 1991).
The overall distribution of the Mn 2ϩ signal in the SN (see Figure 4) , the maximum percent signal change in the SN was greater on the caudate injection side than in case 2 (data not shown) was weaker than in case 1. In addition, the distribution of signal in the SN in case on the putamen injection side. The inverse was true for the globus pallidus in this case and in case 2 as well 2 did not show any bias toward the caudate or putamen injection side, in contrast to case 1 (Figure 4 ; Table 2 ).
( Figure 5B ; Table 2 ). Table 2 ). The aforementioned thalamic nuclei were cant signal at 45 hr (case 2) in structures not known to receive a direct projection from the striatum (e.g., sevdefined in the MR images on the basis of cytoarchitectonic maps obtained from publications of previous studeral thalamic nuclei; see Table 2 Figure  6C ). In the case of the VA/VL, the borders of which were particularly difficult to see in the MRI scans, we defined 5). For the sake of clarity, MR images from only five scans at different sampling times (4 hr and days 2, 6, this region by using the correspondence between identifiable anatomical landmarks (e.g., the internal capsule 12, and 18) are shown in Figure 5A . The overall spatial distribution of signal in the globus pallidus and the SN and the head of the caudate nucleus) and maps of statistically significant signal change, which we derived by was similar to that in the first two cases.
Indirect Projections from the Striatum
In general, both the spatial and temporal patterns of comparing late time point scans with the baseline scan (see Figure 6D) . , and habenular thalamic nuclei (Hb) after MnCl 2 injections into the caudate and putamen (J00, case 3). As a control, the signal intensity in the cerebellum (CER) at different time points is indicated. The ordinate shows the ratio-normalized signal intensities for each region (i.e., each region normalized to its initial intensity). Note that the signal intensity in the SN is stronger on the caudate injection side than on the putamen injection side between days 2 and 6 postinjection. The inverse is true for the globus pallidus. Bars show 1 SD.
192 and 145 hr in case 3 ( Figure 5B ; Table 2) after puta-2). The Mn 2ϩ signal in the VA/VL was weaker than in the Hb. At its maximum, the percent signal enhancement in men and caudate injections, respectively. The signal intensity measured in VA/VL reached a maximum at 45 the VA/VL and the Hb, respectively, was 14.3% Ϯ 2.0% and 28.3% Ϯ 8.4% on the caudate injection side, and and 42 hr in case 2 and at 97 hr in case 3 after putamen and caudate injections, respectively ( Figure 5B ; Table  14 .8% Ϯ 3.5% and 42.2% Ϯ 12.5% on the putamen The projection foci were localized in the dorsomedial progress over long periods of time, but also the behavior portion of the globus pallidus after caudate injection of the animals. Case 3 and 4 were scanned again after and in the ventrolateral or midportion of the globus pala recovery period (2-3 weeks) following termination of lidus after putamen injection (Figures 2 and 3) . These the experiments (day 18 in case 3 and day 8 in case 4). projection foci remain segregated from one another No significant Mn 2ϩ signal could be found in any of the throughout the entire extent of the globus pallidus. In regions of interest (ROIs) used for data analysis during addition, the projection foci tended to be more distinct the experiments in those cases. Furthermore, we exon the putamen injection side than on the caudate injecpected that animals suffering from manganese toxicity tion side. The pattern of topographical organization of in the injected regions (striatum) or regions exhibiting striatopallidal projections observed with MRI after MnCl 2 increased Mn 2ϩ signal due to direct projections from an injection was similar to that shown in previous studies injected region (such as striatum to globus pallidus and using standard anatomical tracing methods ( (1) a direct projection from the striatum to the SNr and (2) an indirect projection from the striatum to the SNr via that the putaminonigral fibers are less abundant than the caudatonigral fibers and that they form terminal plextwo synapses, the outer segment of the globus pallidus (GPe) and the subthalamic nucleus (ST) (Alexander et uses that are smaller and more loosely organized than those formed by caudatonigral fibers, but that the arborial., 1990; Parent and Hazrati, 1995b). Thus, both direct and indirect projections might have contributed to signal zation pattern of both types of striatonigral fibers is strikingly similar. Thus, in the present study, the less observed in SN. However, anatomical evidence has shown that the indirect projections (Striatum-GPe-STintense signal observed on the putamen injection side might be due to fewer terminal plexuses in projection SNr) are weak in primates (for a review, see Parent and Hazrati, 1995b) . foci within the substantia nigra.
The spatial distribution of Mn 2ϩ signal observed in the The advantage of the present technique is the ability to visualize both direct and indirect (i.e., transsynaptic) globus pallidus and substantia nigra following injection in the caudate and putamen was confirmed histologiprojections using MRI in the same animal. This sets it apart from standard tracing techniques, which require cally in the same animal after WGA-HRP injection at the same sites. We found that the Mn 2ϩ signal (projection fixed tissue for the visualization of labeled terminals and neurons and, in most cases, only provide information foci) in both the globus pallidus and substantia nigra coincided well with that of the WGA-HRP labeling obabout direct projections. A number of studies using radioactively-labeled substances, such as proline or fuserved in the histology (see Figures 3 and 4) . The unique finding of the present study was the selecneuronal transport. These methods, however, also require fixation of the tissue before the distribution of label tive distribution of Mn 2ϩ signal in areas not receiving direct projections from the injection sites. In addition to can be visualized. In summary, our study confirms and extends the work of the signal intensity increases observed in the globus pallidus and the SN, we also found significant increases Pautler and colleagues (1998), demonstrating conclusively the feasibility of using manganese as an MRI-visible, anin several thalamic nuclei not known to receive direct projections from the caudate or putamen: (1) (Table 1; cases 1-3) . The syringe was left in the brain for 15 to 30 min after the injection to minimize (cases 3 and 4; Figures 5 and 7) . It also allowed room for liquidfilled markers extending from the ears, as well as a spherical, waterleakage of the tracer, and then retracted in 3 steps to avoid leakage of the tracer along the needle track. First, the syringe was pulled filled calibration phantom placed beside the head. Shimming was performed with the FASTMAP shim algorithm back 1 mm and left for several minutes, then 0.5 mm and left for another couple of minutes, and finally withdrawn slowly and (Gruetter, 1993), which uses projections through a predefined volume to measure B 0 inhomogeneity and applies first and second order corsmoothly from that point up to the pial surface. For the orbitofrontal injection (case 4), the tip of the needle was inserted through the bur rections. In all cases, the B 0 inhomogeneity after corrections along each of six projections through a 25 3 mm 3 cubic volume inside the hole made over the dorsal part of the right prefrontal cortex and then 0.1 l of MnCl 2 was injected into area 13 (in the medial orbital brain was less than 8 Hz and, in most cases, less than 6 Hz. We used a modified driven equilibrium with Fourier transform sulcus).
Two of the animals (cases 1 and 2) also received a focal injection (MDEFT) method (Lee et al., 1995) to obtain T1 weighted anatomical images. The imaging sequence uses adiabatic spin preparation with of the antero-and retrograde tracer WGA-HRP (5%, Toyobo, Japan) at the same stereotaxic coordinates as the caudate and putamen 90Њ and 180Њ pulses and a segmented gradient-echo acquisition (Tau ϭ 800 ms, TR ϭ 21 ms, TE ϭ 4 ms). For cases 1 and 2 (F00 and MnCl 2 injections following MRI scanning (24.5 hr in case 1 and 45 hr in case 2 after MnCl 2 injection). The injection parameters and the F97, respectively), we collected four segments and four averages of a 256 2 ϫ 128 matrix in 2 hr:47 min per image, using a field of view amount of tracer injected was the same as for the MnCl 2 injections, except for case 1, where the injected volume of WGA-HRP was less of 128 2 ϫ 64 mm. For cases 3 and 4 (J00 and H00, respectively) we
